Delivery of live crustaceans to markets has the potential to increase profits for Alaskan fishermen, but the practice has been limited in part by mortality occurring during shipment to distant markets. Protocols that select crabs more likely to survive shipment would likely further develop this niche market and evaluating the physiological stress response in crustaceans provides a logical entry point to explore this area. This study measures oxygen consumption rates (MO 2 ; mgO 2 g À1 hr
INTRODUCTION
Crabs captured during Alaskan commercial fisheries are subjected to physical and environmental conditions that may include rough handling, air exposure and low air temperature (Stevens, 1990; Warrenchuk and Shirley, 2002a) . Snow crabs, Chionoecetes opilio, Fabricus, 1788, and Tanner crabs, C. bairdi, Rathbun, 1924 exposed to subfreezing air temperatures exhibit increased limb loss, reduced vigor (measured by righting response) and lower survival (Warrenchuck and Shirley, 2002b; Carls and O'Clair, 1995) . Although these crabs may survive harvest and delivery to port, physical injuries and the cumulative impact of these stressors may result in delayed mortality. Delayed mortality during shipment to distant markets eliminates any profit associated with higher market price for animals delivered live. Development of improved screening approaches to grade the severity of prior stress and estimate overall vitality of crabs would enhance this niche market of the commercial crab industry.
Environmental physiologists have identified a number of quantitative endocrine and metabolic markers of stress in marine organisms (Morgan and Iwama, 1997; Handy and Depledge, 1999; Dahlhoff, 2004) . The premise behind these indices is that exposure to stressful stimuli elicits a homeostatic imbalance and requires adjustments in the rates of biochemical and physiological processes necessary to ameliorate the imbalance imposed by the stressor. These adjustments incur a metabolic cost and, given the interrelationships between stress and metabolism, the metabolic rate of marine organisms is an excellent indicator of physiological condition (Childress and Seibel, 1998) . Herein, we focused on oxygen consumption rates of Tanner crabs following standardized stress treatments modelled after events likely to occur during the commercial Alaskan crab fishery, e.g., air exposure, low temperatures. In this study, crabs were exposed to air from 15 to 45 min at two air temperatures 88C or À158C to provide a 'stress gradient', varying in both duration and temperature. Following a 12 h recovery period, crabs were exposed to a second uniform handling stressor (emersion at À158C for 10 minutes). We measured oxygen consumption rates (MO 2 ; mgO 2 g À1 hr À1 ) of individual crab before and after each of these treatments to determine if prior stress history and overall vitality could be inferred by measuring differences in oxygen consumption rates.
MATERIALS AND METHODS

Animals and Husbandry
Tanner crabs were captured using commercial pots in November 2002 near Kodiak Island, Alaska, and transported to laboratories at the Kodiak Fisheries Research Center. Crabs were maintained in five fiberglass tanks (1.75 3 1.00 3 0.30 m) supplied with 100% sand-filtered seawater drawn from a an adjacent tidal basin at a depth of ; 25 m and water temperatures that followed ambient outdoor seawater temperatures. Uniquely coded tags (Floy Tag & Mfg, Inc., Seattle, Washington) were attached to a walking leg of each crab for identification throughout the study. The carapace width (CW; range 105.7 to 153.5 mm), chela height (CH) and weight of each crab to the nearest gram (range 290 to 1158 g) were recorded. Only large clawed sexually mature males with a ratio of CH/CW . 0.17 were used. Crabs were fed majestic squid, Berryteuthis magister, twice per week ad libitum, and the diet was supplemented with salmon, Oncorhynchus spp., and Pacific halibut, Hippoglossus stenolepis, as available. Tanks were cleaned on the days following feeding to remove uneaten food and waste. Food was withheld from crabs for 3 days prior to any testing to allow for gastric evacuation and avoid the influence of post-prandial elevations in metabolic rate (Paul and Fuji, 1989) .
Respirometry Chambers
Respirometry chambers consisted of a polycarbonate container (66 3 46 3 15 cm) with a clear Lexan Ò cover, to which an oxygen probe (YSI Inc., Yellow Springs, Ohio) and flushing tubes were fitted (Cech, 1990) . A small pump inside the chamber continually mixed the water to ensure homogeneity of dissolved oxygen and water quality conditions. During testing, the chambers were three-quarters submerged in a holding tank continuously supplied with flowing seawater to maintain a constant water temperature. Prior to collecting respirometry measurements, air bubbles were evacuated and the chamber was sealed.
Calculation of Rates of Oxygen Consumption
During respirometry trials, dissolved oxygen concentration (DOC) and temperature were recorded each minute of the sampling period (45-120 min). An oxygen depletion rate for each minute was calculated and a mean for the sampling period determined that was then converted to an hourly oxygen consumption rate (mgO 2 L À1 hr À1 ). At the end of the evaluation period, the animal was weighed and its rate of mass specific oxygen consumption was calculated (mgO 2 g À1 hr
À1
). After individual crab were removed from the chambers, an oxygen depletion rate for empty chambers was determined over time and this rate of oxygen consumption was used as a 'blank' to correct MO 2 for each crab (Cech, 1990) .
Probes were placed in oxygen-saturated seawater measured before and after every sampling period to assess potential drift of the probe. When the percentage change in dissolved oxygen concentration exceeded the instrumental error (6 2%), the linear rate of drift (mgO 2 L À1 min À1 ) was calculated and used to correct crab MO 2 for the appropriate sampling period. The weights (F (2,46) ¼ 0.647; P ¼ 0.528) and sizes (F (2,46) ¼ 0.204; P ¼ 0.816) of crabs did not differ among treatment groups and regression analysis indicated no significant linear relationship (P ¼ 0.344; r 2 ¼ 0.02) between log of mass specific SMR (mgO 2 g À1 hr À1 ) and log of body mass (g) over the size range of these animals. For these reasons, no allometric correction was applied to the raw MO 2 values collected over the course of the study.
Measurement of MO 2 Following Emersion Treatments
Respirometry trials were carried out from 14 May to 10 June 2003. Over the course of the experiment, temperatures of seawater in the closed chambers ranged between 7.1 and 9.58C but did not vary more than 18C during any sampling period. At the start of each test, crabs were collected from the holding tank, placed in individual respirometry chambers, and allowed to acclimate for 12 hours. Preliminary tests established that period of 12 h following handling was required for MO 2 in Tanner crabs to return to a resting level (El Mejjati and Haukenes, personal observation). Following the acclimation period, metabolic rate (SMR) was determined for each crab (n ¼ 52). Once SMR had been had been determined, each crab was removed from the respirometry chamber, assigned to 1 of 6 stress treatment groups (n ¼ 8-10), and exposed to the primary stress treatment. The primary stress treatments differed in duration and temperature of air exposure; emersion at 8 6 0.58C for 15, 30 or 45 min or emersion at À15 6 2.18C for 15, 30 or 45 min. Preliminary tests established 60 min at À158C as a lethal limit (El Mejjati and Haukenes, personal observation). Once primary stress treatments were applied, the crabs were then returned to the chambers and MO 2 was determined immediately after the chamber was sealed (SPI) and again 12 hours following the primary stressor (SPII). Surviving crabs were then exposed to a uniform secondary stress treatment: emersion in a chest freezer at À158C for 10 min. The crabs were again returned to the chambers and MO 2 was determined immediately after the chamber was sealed (SP III) and again 12 hours following the secondary stressor (SP IV). Mortality was recorded throughout the evaluation; crabs were considered dead when movements of the scaphognathites and locomotory appendages ceased (Carls and O'Clair, 1995) .
Statistical Analyses
A Fisher exact test was used to assess differences in survival between emersion treatments for each sampling period. A one-way repeated measures ANOVA (RM-ANOVA) was used determine differences in MO 2 before and after each emersion treatment. Significant differences between means were determined using a post hoc Tukey's Honestly Significant Difference test. When data failed to meet the assumptions of normality and equal variance a Friedman RM-ANOVA test was used. Statistical tests were performed with STATISTICA 6.1 (StatSoft Inc., Tulsa, Oklahoma) and the level of significance was set at P , 0.05. Weighted means and standard errors (SE) for MO 2 are represented in all graphs.
RESULTS Survival
Emersion for 45 min at À158C led to decreased survival of crabs over time (Table 1) . Within this treatment, the percentage of crabs that survived through SP III (37.5%) and SP IV (25.0%) was significantly lower compared to that of crabs in all other emersion treatments (100%). Accordingly, values for MO 2 of crabs initially exposed to air for 45 min at À158C collected at SP III and SP IV were excluded from statistical analyses due to a low sample size.
MO 2 Response of Tanner Crabs Before and
After Emersion Treatments Oxygen consumption rates of crabs following return to seawater varied among sampling periods (SMR, SPI, SPII, SPIII, and SPIV) but the pattern of difference differed depending on the duration and temperature of emersion. Rates of oxygen consumption followed a similar pattern for all durations of emersion at 88C; MO 2 increased immediately after the primary and secondary stress treatments (SPI and SPIII, respectively) and returned to levels resembling SMR within 12 hours of treatment (SPII and SPIV; Fig. 1 ). The response of animals exposed to 88C did not differ Table 1 . Percentage survival of Tanner crabs for all sampling periods (SMR ¼ standard metabolic rate, SPI ¼ immediately after primary stressor, SPII ¼ 12 h after primary stressor, SPIII ¼ immediately after secondary stressor, and SPIV ¼ 12 h after secondary stressor). Distinct letters indicate significant differences within each column (P , 0.05). T ¼ temperature of emersion (8C); D ¼ duration of emersion (min); n ¼ sample size; S ¼ survival (%). Fig. 1 . Effects of subsequent stressors on rates of oxygen consumption of Tanner crab previously exposed to air at 88C and À158C for (A) 15 min, (B) 30 min, and (C) 45 min. X-axis represents the sampling periods: SMR (standard metabolic rate), SPI (immediately after primary stressor), SPII (12 h after primary stressor), SPIII (immediately after secondary stressor), SPIV (12 h after secondary stressor). Mean MO 2 (6 SE; n ¼ 6-9) with different letters show significant differences between sampling periods at P , 0.05.
among the three durations tested and the mean MO 2 for all three durations of emersion at 158C increased significantly from SMR at both SPI (1.4 times) and SPIII (1.5 times; F (4,80) ¼ 17.12; P , 0.0001). In comparison, MO 2 of crabs exposed to À158C varied among the different experimental durations. Rates of oxygen consumption of crabs exposed to air at À158C for 15 min did not differ from SMR but a significant increase in MO 2 was observed following the secondary stress treatment and a significantly lower MO 2 was observed 12 hours following each of the stress treatments (F (4,20) ¼ 7.40; P ¼ 0.0008). The response of animals exposed to air for 30 min at À158C did not include an increase in MO 2 following either the primary or secondary stress treatment and the response of animals immediately after emersion at this temperature for 45 min was a significant reduction in MO 2 relative to SMR.
DISCUSSION
In this study, rates of oxygen consumption and the survival of male Tanner crabs following periods of emersion differed between groups exposed to air at 88C and À158C. Emersion at 88C was followed immediately by increases in MO 2 regardless of the duration of treatment and responses to a second uniform stress treatment led to a rise in MO 2 . In comparison, MO 2 differed among the three durations of emersion at À158C. Animals initially exposed for 15 min responded to the uniform stress treatment in a fashion similar to the 88C treatments with an increase in MO 2. The response of animals initially exposed for 30 min at À158C did not include an increase in MO 2 following a uniform stress treatment. In the case of animals exposed to À158C for 45 min, the emersion resulted in depressed MO 2 for up to 12 hours following the primary stressor and low survival. It is clear that crabs exposed to the more severe treatments were damaged and that metabolic responses to a standardized stress treatment revealed the severity of the treatment history. Other studies have shown that the effects of cumulative stressors on physiological and behavioral responses of crustaceans and fish may be additive (Winkler, 1987; Barton, 1997) . Our data illustrate that prior emersion at sub-freezing temperature for 30 min or longer had an influence on the response of Tanner crabs to a standardized stress test. In an earlier experiment, Tanner crabs were exposed to air at À158C and leg and core temperatures were measured at 2 min intervals (El Mejjati, 2006) . Leg temperatures dropped below 08C within 15 minutes. Core temperature decreased more slowly, reaching 08C after 30 min exposure, and after 45 min core temperature ranged from À0.2 to À1.78C. Cellular damage, particularly at the gills, associated with freezing temperatures provides a likely explanation for a lack of a robust increase in metabolic rate in animals initially exposed to À158C at intervals of 30 and 45 min.
The types and maginitude of stress on crustaceans captured in commercial fisheries varies dependant geographic location and season of capture as well as onboard sorting and storage conditions. It is common for Tanner and snow crabs to autotomize their legs and have a reduced righting response when exposed to extreme cold air (Carls and O'Clair, 1995; Warrenchuk and Shirley, 2002a; Van Tamelen, 2005; El Mejjati, 2006) . In the Mediterranean Sea however commercial fisheries impose different physiological burdens on crustaceans where extreme warm air temperatures in summer are more detrimental to survival crustaceans captured during demersal trawls than winter conditions (Giomi et al., 2008) . Tools that provide an insight into the stress history of crustaceans may provide a method to select organisms for local processing versus those selected for packaging for live delivery. Attempts at using the righting response of crustaceans to evaluate vigor have been employed to evaluate overall vigor in research settings (Warrenchuck and Shirley, 2002b; Carls and O'Clair, 1995) but this practice is limited in commercial settings since direct observations of individual crab are required. Hemolymph measurements of indices to characterize severe stress have also been correlated with mortality (Bergmann et al., 2001; Giomi et al., 2008) but require delays in processing samples for assay and thus only of use to retroactively assess condition. Oxygen consumption rates, on the other hand, could provide a direct measurement on either individuals or large containers of animals. Thus, the measurement of oxygen consumption rates following a standard stressor, e.g., unloading, might provide an automated means of addressing quality of catch. Obviously there are differences associated with water temperature and animal size to be considered (Schmidt-Nielsen, 1997), but as dissolved oxygen detection equipment evolves it could be an alternative to directly and immediately measure shellfish quality.
Oxygen consumption rates following uniform stress treatment discriminate the cumulative physiological burden of recent stress history of Tanner crabs and have the potential of describing the overall condition of crabs of unknown history. Not surprisingly, the duration and temperature of the stress treatment influenced survivorship of Tanner crabs. However, oxygen consumption rates following a standardized stress test also appear to correlate with the severity of prior stress treatment. In this study animals with a less severe stress treatment history responded to a standardized handling treatment with a robust increase in oxygen consumption rate. A further demonstration of this phenomenon was observed when monitoring animals for 7 d following the experiment. In the 7 d following the experiment four additional animals died. The response of these animals to their uniform stress test was a reduction in mean MO 2 by 6% while animals that survived 7 d following testing were observed to have a 60% increase in mean MO 2 when responding to the same treatment (n ¼ 35; Data not shown). This physiological characteristic of the more vigorous animals illustrates that a physiological index like MO 2 can lead to further developments in assessing overall vitality of crustaceans selected for live delivery.
